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I.
SUMMARY

This report summ-rizes the work performed under Air Force Grant AFOSR

40-64 >The results of the study of propellant ignition by high convective

heat fluxes have shown that the gas velocity effect often observed in convective

heating tests can be -ittributed to surface roughness. If this surface rough-

ness effect is eliminated by the use of very smooth propellant surfaces or

by use of very high gas velocities which prevent ignition of projections on

the surface, the relationship between ignition time and surface heat flux is

simply the extrapolation of the low-flux igition data Also, it appears that

the effect of a burning rate catalyst is to increase the rate of reaction of

propellant-component decomposition products at the propellant surface.

Modification of the thermal ignition theory to include the effects of

surface regression for high igniter heat fluxes has lead to results which

indicate that an ignition-pressure effect on the overall ignition process

can be observed with practical ignition systems even when th& thermal response

of the propellant itself is independent of pressure. The problem of transi-

tion from ignti.on to steady-state burning can be approximately Lreated by this

model. Polvmer (PBAA) decomposition studies have shown that, while reactions

and some weight loss may occur at temperatures below 3000 C, at the heating

rates of interzst in propelldnt ignition, the thermal effect of these reactions

cdn prob.ibly be neglectted for temperatures below at least 350"C. NThe results

of a rt-evalu-rion of the hot-wir,- ignition technique have been encouraging.

It is possible to ac(ur4telv mvasure ignition times from 10 msec to 10 sec,

and these results ire comparable to data from low flux radiation tests.
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T. INTRODUCTION

As part of a continuing research effort, several phases of the ignition

of composite propellants have been ztudied. This work was supported by the

Air Force Office of Scientific Research undei Air Force Grant A1-AFOSR 40-64

and is being continued under Air Force Granz AF-AFOSR 40-65.

The study ot the ignition characterist1cs of several special propellant

formilations employing high convective heat fluxes has been essentially com-

pleted. The polymer decomposition study is beginning to yield interesting

quantitative results and is continuing We have resumed the extinguishment

studies employing the rerefaction tube dnd have confirmed previoubly observed

phenomena. This work is now progressing into new areas Work on a solid-

phase oriented ignition model is progressing, and the introduction into the

model the possibilitv of surface regresbicn during high flux ignition has

opened what appears to be several inteiesting jreas for study. We have started

a small program to re-evalu tr. the hot-wir= ignition method for ignition

studies and present prelimnarv and encoiraging results, Each of the above

studies i3 discussed in the following sections of the report Separate

conclusions are presented in each section
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II 1GNjrlON THEORY

The thermi! thtories of ignition present a quite adequate description of

the ignition of both composite ind double base propellants exposed to low heat

fluxes For th. , e of epos.ure to high heat fluxes, which are of most interest

for pr-3cuc_i ignition, th= agreement between the simple thermal theories and

experiment is not always good A somewhdt more complicated model than the one

assumed by the simple thvories but which reduces to the simpler models for the

case of low flur ignition is required A clue to the nature of the more

complex model i obtain-d bv a consideration of the order of magnitude of the

surface-ignition temperitures calculateC from the simple ignition theories. By

appropriate SeltctlCon of re-asonable parameters, a calculated surface-ignition

temperature for the low flux c-se of about twice the absolute ambient temperature

can be obtained If the same parameters are used for the high flux case, however,

it is found t'it th- c iculated-surface temperatures are about three times

ambient temperiture A true surface-ignition temperature of about 600*K may

be reasonable, however, befote i temperature of 900'K would be reached,

all the propellant components would gasify by endothermic processes Signi-

ficant regrcs.iion of tht solid surf-ice would occur A propellant ignition

model whicri coi-iders tbi, rt.gr. =sion should perhaps explain the iropeilant

response to h urt - fluxes ft -an be argued, on the basis of steady-

state burring rates,. tht th;. ,olid regression need not be considered for

ignition, but such ,rgumentq are not entir.:Iv satisfactory The ignition

heat ftux dVi ote much gr9..'r than the stcady-state-burning-feedback fVu-,

thus the i.nmperiture gradiernt in the propel dnt would be steeper in the igni-

tion c,.e, ind th_ loss of even a few molecular layers at the solid surface

would be impertjvit re .; good approximation, the vaporization of any material

nedr the ,urtace car be trtated as surface regression.

The consid, ration ot ;sTf3rfc regress:on in the ignition model introduces

one problem i nd Etm! i treating po-,sibilities In the case of the simple

thermdl ht-oriv-i, ignition is dsSUtmed to be complete when a run-away reaction

occtra, but it rtgre,iion i- considere- no run-away reaction occurs, since

presumlyh,. tht *urta, rere'.Ida rate adust increase as needed to establish

a re.3soniitc houn on th, surt t trmper-ture A new ignition criterion which

is in to ol to (thv o-nx-go cx perimental criterion must be used The minimum

timt at whikh th, -xternail tl x t.:n bt- cut off with "ransition to steady-state
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burning (or at least 3 continuous increase in the surface temperature) still

occurrine would be the ignition time If the transition to steady-state

burning must be considered, the model must then treat ignition, transition to

burning ind stv- dy-state burning

Proposed ilnition modt.l

Preliminiry calculation, hdve been made in which it is assumed that the

ignition procesi can be dcscribed by the iollowing one-dimensional, nonlinear,

partial differential equation in terms of solid temperatures,

- + u = A exp'()
itc _ ax PC RvJ

The initial and boundary conditions which apply are

For t = 0, v = vo

For t > 0 and x -oo, v = V

For t > 0 and x = 0, [-] r "b
Fs Ft pn PC exp r- Eb

- - F AF(t)P + Rv] B exp [- J
l+PC eyp E cLR

The velocity, u, is isumed to be a funLtion of the surface temperature, or

for temper.itures evaludted at x = 0-[ u P Ecl E b
exp PC exp - I-E Cb exp v

I + PC exp _L

In these equations, v is the solid absolute temperature; v is the initial

solid temperature, t is time, x is the distance measured from the position of

original solid surtace, B, A aiud C. and Eb, Ea, and Ec are respectively the

pioduct of trequency fjcr r and heats of reaction and the activation energy

for surface. bulk and urface absorption rea, tions, Er is the activation energy

tor tht tht-rmni rtgression rate and Vr would be the r;te for unity value of
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the exponential: Cb transforms the surface reaction rate to the regression

rate which is a result of surface reaction; k, p, and c are respectively the

assumed constant propellant thermal conductivity, density and heat capacity;

P is the pressure in atms., F is the external heat flux; and R is the gass

constant. The term F (t) represents the heat flux from the gas phase to theg

solid surface and is assumed to be zero for surface temperatures below a

certain value This term is modified by the factor pn to account for the

effect of pressure on this heat flux. The gas-phase feedback must only be

considered near the end of the ignition process and for steady-state burning.

If certain simplifying assumptions concerning the solid response are introduced,

the nature of this gas-phase feedback flux can be determined 15]. The value

of n is chosen to approximate the results of the gas phase studies. The

present model is solid phase oriented and is complementary to the gas-phase

studies. In most gas phase studies relatively simple solid phase boundary

conditions are assumed, in this study a relatively simple gas-phase feedback

term is assumed Since simultaneous treatment of the solid phase and gas

phase problems is probably beyond the capacity of present day computing systems,

separation of the problem in this manner would represent a reasonable approach

to the whole problem

The transformation of these equations into dimensionless form and the

details of the setup for the numerical solution are discussed in Appendix A.

Preliminary results of computations.

Figure I shows qualitatively the type of information obtained by use of

this ignition model In this case propellant parameters for the F-propellant

were used and no simple gas-phase feedback term was included (F p(t) = 0).

The time scale was adjusted for each run to bring all the surface-temperature-

time curves into the same range. For ignition heat fluxes much greater than

the calculated steady-state-burning feedback flux (from surface reaction in

this case), the transition to burning does not occur

Although the parameters selected for these runs may give results which

exaggerate this effect, it should be noted that too high an ignition flux

could produce regression and not ignition Since at higher pressures the

steady-stat , feedback would be higher, higher ignition fluxes could be used.

For near equality of these fluxes, the surface temperature appears to pass

through a maximum before reaching stable burning. The high burning rates

resulting from this high surface temperature during ignition could contribute

to the tran-ient over pressure observed with practical igniter systems.
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Steady-state burning.

The ignition criterion for a model including the effects of surface

regression requires at least an approximately correct steady-state-burning

model In order to select reasonable parameters for the steady-state model,

solutions to the ordinarily differential equation obtained from Equation (I)

by elimination of the time-dependent term were obtained. The parameters used

should permit the model to predict the normal dependence of burning rate on

pressure, reasonable values of the steady-state-burning rate and the quali-

tative aspects of steady-state burning. Figure 2 shows the result of one

set of calculations in which the parameters obtdined by ignition results were

selected to correspond to the F-propellantj the feedback flux from the gas

phase was assumed to depend upon the square root of pressure and to be equal

to about one-tenth of the heat flux from surface reactions at 1 atmosphere;

and a negligible effect of condensed phase reactions was assumed

in the pressure range of 1-50 atmb , the burning rate exponent would be

about 0.4 At low pressures the burning rate appears to approach a steady

value, but ii a surface heat loss term, which would be important at low pressures,

is added to the model an extinction pressure would be observed. At high

pressures tht burning rate exponent begins to decrease. Although not char-

acteristic of most propellants, such an effect is noted with composite pro-

pellants contAining volatile fuel-binders [i]. The calk:ulated, steady-stmte

,;urface Lemperatures were almost independent of the pressure. The model

appears to contain enough pdrameters that a forced fit could be achieved by

varying thee parameters, and with certain limits, this is true. However, in

common with the resultb from the ignition model, it is found that certain

terms must be included or eliminated, and only a limited range for the vari-

ables is allowed if a reasonable result is to be obtained.

Pre 1 imitiary conclusions

Tt, ignition modt-l conbidering solid regression satizfies the requirement
ted of reducing to the simpler model at low fluxes and of producing ignition times

at hightr t lut levels which are in qualitative agreement with experiment It
sly represents first ttimpt to handle the problem of transition from ignition

to burning The general model appears to be selective with respect to terms
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which may bt, included and their order of magnitude A great deal is known

about ignition and burning, and it may be that only a single arrangement of

terms and psrimeters will be Able to produce a model which will make predictions

in agreement with this knowledge. For example, the detailed model containing

the parameters used to generdte Figure 2 appears to be unstable when treated

in Equation (1) Although a solution to the non-time dependent form exists,

any deviation from this stead -state condition results in the beginning of a

run-away reaction or in extinction. A high gas-phase-feedback flux appears

to be required to stabilize the system. A flux-limited regression rate may

be required.

It appears thdt the results of this type of analysis may be useful in

the interpretation of our low-frequency combustion instability work and our

extinguishment studies
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III. IGNITION OF PROPELLANTS BY HIGH CONVECTIVE HEAT FLUXES

The planned work employing the shock tube to study ignition by convective

heat transfer from hot gases has been complbt~d Appendix B is a surmmary of

part of this work, and a discussion of the apparatus is presented there

The material from this Appendix foimed the basis for i peper presented at the

1964 Fall meeting of the Western States Section of the Combustion inititute,

The following paragraphs summarize the major Lonlu_-ions from this work, only

a limited amount of experimental Pvidenc i, presented here Additional

details are presented in Appendix B and in a technical report to be issued

in the first quarter of 1965.

Propellant composition studies.

Thermal decomposition studies on ammonium perchlorate at fairly slow

heating rates relative to those used in the ignition of solid propellants

indicate that several metal oxides can be used to increase the rate of thermal

decomposition as well as the extent of decomposition of otherwise pure 'mmonium

perchlorate The addition of these metdl oxides drastically lowers the temp-

erature at which the ammonium perchloratt . will undergo spontaneous deflagration

(critical temperature). Ont of the most encensive studies of the effect of

catalysts on decomposition of ammonium perchlorate was reported by Kuratani

[8]. The results of this work are summdrized as follows.

1. Cupric oxide, cuprous oxide, cuprous choride, and zinc oxide

were found to promote both the low temperdture and high

temperature ammonium perchlorate decomposition reactions.

2. Nickel oxide and chromic oxide (Cr2 03 ) promoted primarily

the low temperature decomposition reactions

3. Manganese dioxide and copper chromite promoted primarily

the high temperature decomposition reactions

4. Aluminur, oxide, titanium dioxide, ferric oxide, and

vanadium pentoxide did not appear to promote any of the

decomposition reactions of ammonium perchlorate

The low temperature decomposition reactions are those which take place

below about 350' C and appear to be associated with the decomposition of

int-rmosaic ammonium perchlorate
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Other studies which appear to be useful relative to ignition of pro-

pellants are those by Hermoni and Salmon t6. They found by careful experi-

ments that carbon, manganese dioxide, and copper chromitt mainly influence

ammonium perchlorate decomposition reactions in the solid phase, while chromic

oxide and cuprous oxide influence gas-phase decomposition reactions

Investigations by Solymosi and Revesz[llj on the effect of ferric oxide

on decomposition of amnmonium perchlorate showed ferric oxide to have only a

slight effect in the temperature range of 210-240 'C. A noticeable contri-

bution to the decomposit.on of ammonium perchlorate was observed in the

region of 245-270 *C.

Since considerable work has been done on ammonium perchlorate decomposi-

tion, it appeared that some informatiln on the mechanism of ignition of solid

propellants could be obtained by making an ignition study on propellants

containing metal oxides as catalysts. The ignition of five different pro-

rollants was studied under high convective heat fluxes. The compositions of

these propellants is shown in Table I

Samples of propellant with freshly cut surfaces were exposed to con-

vective heat fluxes in the range of 40 to 130 calkcm')(sec). Since the shock

tube was used for these studies, the maximum testing time was limited to less

than 25 msec Under these conditions it was found that o.i1y the propellant

contdining two per cent iron oxide (designated as AD) would ignite over the

entire range of surface heat fluxes Propellant Z which contained two per cent

zinc oxide and one per cent iron oxide ignited, but ignition times were about

50 per cent longer than for propellant AD. Propellants Y and AA containing

zinc oxide and chromic, respectively, showed some indication of reaction at

tht surface as indicated by a small deflection of the photocell signal. This

small amount of luminosity was only observed at a flux level of about 100

cal/cm')Isecy The time for the appearance of this slight luminosity, which

did not lead to steady detlagration, was about the same as that for the igni-

tion ot propellant Z Propellant AB which contained cuprous oxide occasionally

ignited when subjected to fluxes of 90-110 calicm ysec).

Microscopic examination of the surfaces of samples which did not ignite

showed that for all samples which gave a slight indication of reaction at tht

-surlace there was some ablation of both polymer and ammonium perchlorate

In the case of the propellant containing zinc oxide there was considerable

Lharrlng of the polymer for high flux runs. although no light signal was

o1).setrved
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Because of the test period limitation encountered with the shock tube

it was not possible to obtain adequate data to determine the relative effects

of the catalysts studied on ignition of ammonium perchlorate propellants.

A general observation which can be made at this time is that catalysts which

appear to be most effective in promoting the thermal decomposition of ammonium

perchlorate are not necessarily effective in promoting ignition. Apparently

thermal decomposition studies of ammonium perchlorate at very low heating rates

do not give information which can be applied directly to the ignition of pro-

pellants. Furthermore. it is observed that non-volatile iron oxide, which does

not effect greatly the thermal decomposition of ammonium perchlorate, appears

to be an extremely effective ignition catalyst.

The ignition of a propellant may be greatly influenced by the ability

of the catalyst to promote reactions between ammonium perchlorate decomposition

products and the binder-fuel or of the ammonium perchlorate decomposition

products themselves. it is known that both iron oxide and the so-called

copper chromite, which also is an ignition catalyst, are oxidation catalysts.

Although additional experimental work is required, it appeais that when

these ignition catalysts are used, steady deflagration uf the propellant is

initiated by surface catalyzed reactions. At least two mechanisms seem

possible:

I The promotion, by heterogeneous catalysis, of reaction

between initial AP decomposition products; subsequent reaction

occurs between the resulting fragments and either solid

polymer or polymer decompobition products; or

2. The heterogeneously catalyzed reaction between the de-

composition products of both propellant ingredients.

Either of these mechanisms could explain the results of ignition tests

in which large, pressed pieces of AP were in contact with the PBAA polymer.

Although complete transition to steadv-state burning never occurred, significant

reaction was observed only when the catalyst was present in the AP and when

the gas flow direction was from the polvmer to the AP.

Although the results of tests in which catalyzed propellants were formed

by use of non-volatile carbon black as fuel-binder were obscured by questions

concerning surfdce roughness, the ignition of these materials was similar
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to that of polymer-fueled propel lint and indicated that the direct surface

oxidation of the fuel-binder is possible

A number of propellants have been tested each of which represented

variations in the basic F-propellant comrrsition. Variations in oxidizer

loading and particle size were studied For the limited var)dtion +l 5 per

cent) in AP loading, no significant effect on ignition response was noted

No significant effect was noted for variations in the AP-particle size except

when all fine particles were used. The propellant containing all fine AP

was more difficult to ignite than F propellant by convective heat fluxes

(see Appendix B); this is probably because d smoother surface can be cut with

this propellant and is not the resolt oi true difference in ignition response.

Gas velocity effects and surface roughness.

When the ignition respunse of a solid propellant to convective heating

is studied, an effect of high gas velocities is often noted '3,101. The normal

procedure is to determine the gas velocity above which the effect is first

noted and to make subsequent tests below this velocity. The existence of this

gas velocity effect is often considered as evidence that the rate controlling

ignition reactions occur in the gas phase. Although a major objective of

this work was not the study of this gas velocity effect, enough data were

obtained to indicate a rather novel explanati:n of the phenomenon. Appendix

B presents some of the data from this study.

In the case of the ignition in nitrogen of the catalyzed propellants

studied, the following characteristics of the gas velocity effect were noted:

I. Higher velocities result in longer ignition times. At pressures of

250-350 psia, an effect is noted at gas Mach numbers as ' w as 0.1.

2. The gas Mach number appears to determine the magnitude in shift

c..f the ignition times from the zero velocity case.

3. If the catalyst is changed ftom copper chromite to ferric oxide,

the ignition times and gas velocity shift remain essentially

unchanged,

4- The gas velocity effect is almost eliminated when the propellants

contain on!% fine ammoniun *,rchlorate. Under the sdmte test

conditions the ignition Lime,, of these propellants are alwdy,,v

longer than the ignition times ot propellants containing the same

loading of AP but with a romAl ize distribution.
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The last of these conclusions is the most important. The cut surface

of an all-fine AP propellant is much smoother than the cut surface of a

propellant which contains coarse AP. Microscopic examination indicates that

the surface roughness of the fine AP propellant is ± 2-3 micron while the

roughness of the F propellant would be + 10-15 micron or the same order of

magnitude as the fluid-dynamic boundary layer. Because of the surface rough-

ness, the exposed AP particles are exposed to two-dimensional heating. At

low velocities, ignition of the rough surfaces would occur at abnormally low

apparent surface temperatures. At high velocities, the decomposition pro-

ducts from the exposed particles would be diluted by the heating gases and

would not be effective in promoting ignition. In the case of either very

high velocities or very smooth surfaces, true one-dimensional heating and

ignition would occur. Figure 3 shows a plot of the F-propellant-ignition

results from the low-flux radiation furnace and from the shock tube for a

gas velocity of aearly Mach one. Also shown are the ignition data for

the U propellant (all 15-micron AP) at low and high velocities. The agree-

ment between these three sets of data obtained under apparently vastly

different conditions is remarkable. The procedure of studying convective

ignition at low velocities only is apparently the sure way of not detecting

the true one-dimensional ignition response of the propellant. Since gas

velocities approaching a Mach number of one are often used in practical igni-

tion systems, the surface roughness effect is eliminated and one-dimensional

heating is of primary importance.

If this gas-velocity effect on ignition comes solely from a sweeping

away of gas-phase decomposition products, changes in the ammonium prechlorate

particle size would not influence the results. In fact, it would appear

likely that if a diluting effect were the only consideration, a smoother

surface would result in less dilution and ignition of smooth surfaces would

be easier than for the rough surfaces. The opposite is observed.

Since it is obvious that the transition to burning requires the

establishmtnt of an easily observable gas-phase flame, anything which prevents
the establishment of the flame will prevent transition to burning. At high

velocities the exposed AP crystals on a rough surface are not effective in

establishing a steady-state deflagration wave. When ignition occurs by onc-

dimensional heating, the transition to steady-state burning is apparently

quite rapid, and the limiting reaction for ignition is probablN the de-

composition of the propellant ingredients.
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IV. HOT WIRE IGNIrION rESTS.

Most of the techniques used for the studv of ignition of solid rocket

propellants are not entirely satisfactory because they require complicated

apparatus use indirect measurement of nergy fluixes and/or are accurate only

over a limited range of energy fluxes. Often the daza are quite imprecise.

None of these factors are prcublems when ignition is studied by use of

electrically heated wires. The major objection to this hot-wire technique

is that the sample pressure can not be Easilv defined, but since it appears

that pressure does not have a great effect on the ignitions ot tht composite

propellants of interest,. this may not be a serious objection. As a resalt

of these considerations, a program was started to reevaluate the hot-wire

method for the study of composite propellant ignition. The first phase of

this work was similar to the work of Altman and Grant 12' except in this

case, the propellant was cast around the wire. Appendix C elaborates the

tchnique and presents the initial results. Fhis appendix formed the major

portion of a paper preseuted at the Autumn 1964 meeting of the Western States

Section of the Combustion Institute. Table 11 presents values of the

integral which must be evaluated to form the soljtion to the heat conduction

equation tor the case of an infinitskl long wiry of finite conductivity

embtdded in an intinitt body of propellant. fiht -major conclusion!, iron, this

wor k ar e:

1. At the time of ignition the voltage drop across the heated wire

suddenly decreased. This is probably the result of ionization of

the confined high-pressure-combustion products. Go-no-go tests

were used to confirm that this drop was coincident with ignition.

Since ignition could be detckted by measurement of the volta,,t

across the wire, ignition times from 10 msec to 10 ;ec were

measured with tFis simple apparatus.

2. L.incar-surface-temperatuie., i t ignition and interlace heat llu, es

can be calculated by use ot wire ,tr)crv generation rates measIred

di, flg each tct

3. Ih- calculated surtace ttmptrat ire, were 0-5() c hh'hcr than thos(

calculated thum radiatior, lirna. data. This dilleron(' is prohabl%

the' result o, , polmer lavr torminu around the wir v w ilh pre-
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vented direct AP-wire contact. Such a surface condition would be

typical of propellant surfaces cast against casting mandrels.

Some additional work is being done in evaluating the hot-wire method.

Different diameters of nichrome wire are being used and a number of different

propellant compositions are being studied. Because the temperature coefficient

of resistance of the nichrome wire is very low, the voltage drop across the

wire is almost constant during a constant-current run. When the nichrome

wire is replaced by nickel, which has a high temperature coefficient of resis-

tance, it is expected that the wire temperature-time relationship can be

measured directly and that irregularities in this relationship can be used

to determine when gasification of the propellant begins.
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V. EXTINGUISHMENI OF BURNING PROPELLANTS.

The study of the extinguishment of burning propellants by use of the

rarefaction tube was reactivated during the last quarter of the grant

period. Initial tests were made in which the burning surface was in the

plane of the closed end of the rarefaction tube during the period of pressure

decrease. In this case the sample is exposed to a decreasing pressure with

no parallel nor normal gas velocity at the suiface. The preliminary results

confirm previous conclusions that a catalyzed propellant cannot be extinguished

by pressure decay rates as high as 100,000 psi/sec. The uncatalvzed, composite

G propellant was extinguished by a rapidly decreasing pressure, and a study is

being made with this propellant. Preliminary results indicated that long

time constant phenomena are associated with the extinction. Tests are planned

in which the burning surface will be exposed to varying intervals of cold gas

flow parallel to the surface.
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VI. FUEL-BINDER DECOMPOSITION STUDIES.

This work was initiated in an effort to characterize the propellant fuel-

binder decomposition reactions that are of importance in composite propellant

ignition. Data from steady-state regression rates measured by hot-plate

tecuiiiiques are probably not applicable, since by these techniques the strongest

bonds which yield large polymer fragments must be broken while the breaking of

weak bonds which yield lighter fragments may occur during ignition.

Conventional pyrolysis -0tudies.

Small samples of polymer (I x 0.1 x 0.2 cm) were injected into flowing

nitrogen or oxygen in a heated stainless tube. The tube was 3/8-inch i.d.

and was heated over a 4-foot length to insure that the gas temperature was

uniform at the point where the sample, held in a coiled wire sample holder,

was thrust into the flowing gas. The sample holder, mounted on a rod, was

injected and removed through an air-lock which permitted high pressure

operation of the system. The gas flow rate in the tube of 250 standard cc/min

was high enough to insure that the sample was heated tc the gas temperature

in less than one second. The polymer used in this study was prepared by

mixing polybutadiene, acrylic acid and an epon resin (No. 828) in the

weight ratio of 81, 4 and 15. and by curing at 170 'F for seven days.

Pyrolysis rates were measured in nitrogen and in oxygen below the ignition

temperature by measuring the weight loss of samples exposed to the hot gases.

Figure 4 shows results obtained at 22.5 psia and 285 "C and 275 'C in nitrogen

and oxygen. .'he data can be fit to no simple rate law, probably because of

competing reactions and are presented as per cent loss versus time. Except

for short exposures, the pyrolysis rates in nitrogen were much greater than

in oxygen. An activation energy of 25-30 kcal was calculated for the initial

pvrolysis reaction in nitrogen. Samples pyrolyzed in nitrogen changed from

a golden color to a dark brown and from a rubber-like material to a tough

plastic. Apparently thermal polymerization occurred. Samples pyrolyzed in

oxygen became brittle and were a glossy black. Apparently cross-linking

involving oxygen occurred. In all cases, the sample size was not diminished

by the loss of material, and pyrolysis occurred uniformly throughout the

sample. The polymer fragments evolved were quite large and could be condensed
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at room temperature.

Ignition in oxygen occurred at higher temperatures. Figure 5 shows

the minimum temperature required for ignition in pure oxygen as a function

of pressure. At these temperatures, ignition occurred in 5-30 seconds after

insertion of the sample.

Although these tests were not intended to form a comprehensive study.

a number of fairly firm conclusions are apparent

1. In order to characterize the polymer reactions, tests must be made in

the time scale of interest. The importance of each competing reaction such

as decomposition, thermal polymerization or oxygen cross-linking varies

according to the conditions and duration of a test.

2. This polymer decomposes at significant rates in the tempeLature

range of 250-350 0C by homogenous decomposition. Reactions in this

temperature range are of prime importance in composite propellant ignition.

3. One might be tempted to draw conclusions concerning the nature of

the oxygen-polymer ignition reaction on the basis of these tests, but an

objective view would shown that a firm conclusion cannot be established.

A proponent of a heterogeneous oxidation mechanism can point out that the oxygen

cross-lirking reaction would probably be exothermic. When the energy release

rate of this reaction exceeded the rate at which energy could be transferred

to the gas phase, the polymer temperature would rise; and the cross-linking

reaction would soon be replaced by a direct oxidation reaction. Most of

the evidence, however, would support a gas-phase ignition mechanism. The

temperature and pressure range required for ignition corresponds to the

range normally required for the homogeneous ignition of gaseous hydrocarbon-

oxygen mixtures. The mass-flux of polymer at the sample surface was about

one per cent of the oxygen mass-flux past the surface; thus, in the boundary

layer, a wide range of fuel to oxygen ratios would exist. The observed

"induction" period of 5-30 seconds for these tests is of the same order as

that of a hydrocarbon-oxygen ignition. rhis question, concerning the nature

of the oxidalion reaction, is possibly ot academic interest only. In the

case of propellant ignition in a neutral atmosphere, the primary oxidizing

agent is unlikely to be oxygen.
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Fart pyrolysis studies.

PBAA polymer decomposition studies were made for the time intervals

of interest in ignition. Films of polymer were coated on the surface of

thin-film heat-flux gages. The gages were I cm diameter x 5 cm long pyrex

cylinders, and a platinum resistance thermometer was formed on one flat end

by firing an organic platinum paint onto the surface. Opaque polymer films,

which contained 4% carbon black, covered the resistance thermometer. The

polymer-coated heat flux gages, which were shielded to insure one-dimensional

conduction, v,e rushed into the radiation furnace. The platinum fiim

measured the intprface temperature of polymer and pyrex; and the gage output,

which was proportional to this temperature, was displayed as the photo-

graphically recorded trace of an oscilloscope. These time-temperature data

were converted to a time heat-flux at the gage surface relationship by

well-known techniques 17].

Early in this work it was observed that the products of the pyrolysis

reactions irreversibly altered the resistance of the platinum resistance

thermometer, and in later tests the platinum film was coated with a very

thin layer of SiO2 formed by vacuum deposition. In most cases, the SiO 2

film adequately protected the platinum.

Even with SiO 2 coated gages, the preliminary tests with this technique

were confusing. As a check on the technique, tests were made to determine

whether black-body-radiation fluxes in the furnace could be measured. As

a result of these tests, it was found that when the gage surface temperatures

exceeds 100 'C, two corrections to the heat-flux-gage readings were required.

First the variation in thermal properties of the gage must be considered.

Also the temperature coefficient of resistance of the gage was found to change

from 2.65 x 10-3 C-' to 2.41 x 10-3 °C-1 rather abruptly at about 110 *C.

By use of the best available data on the effect of temperature on the

thermal properties of pyrex 4, 9 3 and the results of extensive computer
calculation, a simple by satisfactory technique for treating the thermal

property variation was developed. When the black-body-radiation flux

measurement data were corrected, it was found that the measured fluxes

were constant with time and were within 2 per cent of the values calculated

from the Stefan-Boltzmann equation and the measured furnace temperature.
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The fast pyrolysis data obtained with SiO, coated gages were then

corrected for variations in the pyrex properties and for the observed

change in the film temperature coefficient of resistance. The final

results, although not highly reproducible, are rather significant. Figure 6

presents typical results of the best of these pyrolysis tests under

vacuum (.01 atm). Shown on the same time scale are the measured temperatures

and fluxes at the polymer-gage interface. Also shown are the results of

computet calculations for temperatures and heat fluxes which should agree

with the measured values if no reactions occurred, the polymer-film

thickness was .01 cm and the assumed thermal properties of the polymer

and gage were correct. Considering the nature of the assumptions, the

agreement between observed and calculated values of temperature and flux are

good. Table III summarizes the computer calculations, and indicates that

for time intervals greater than about five seconds, the temperature change

across the inert polymer film should be within one per cent of the

asymptotic value of 54.6 'C, and the heat flux at the interface should be

98 per cent of the surface heat flux. For exposure times greater than

2-3 seconds, to a good first approximation, the polymer surface temperature

was 50 *C above the interface temperature shown in Figure 6 and deviations

of the interface-heat flux from the observed maximum value can be attributed

to reactions within the polymer film.

The interface-heat-flux relationship in Figure 6 is quite interesting.

This heat flux is much below the anticipated value for the first five

seconds of the run. During this period absorbed water is apparently

evaporating from the polymer. Since in a closed system the amount of water

evolved could be determined and since the energy required to remove the

water is close to the heat of vaporization of pure water, this phenomena

can be used as a check or tc calibrate the method. For exposure times

of 5-10 seconds, the interface flux was nearly constant and presumably

approaches the surface heat flux. When the interface temperature reached

dbout 210 'C (a polymer surface temperature of 260 'C) an endothermic

reaction began and the interface heat flux dropped continuously. If the

maximum value of the intertace-heat flux is assumed to be equal to the

surface heat-flux and the difference between this value and the observed

flux is attributed to reaction within the film, an activation energy
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for this endothermic reaction of 25-30 kcal can be calculated. The inter-

face heat flux ceased to decrease after about 20 seconds of exposure.

The surface temperature would be about 340 0C at this time. At this time

regression of film occurred or else the reactants for the endothermic

reaction were exhausted. In these tests the polymer film was lost from

the gage. The measured heat-flux at the surface of the gage approached

the surface value at later times.

Figure 7 shows the results of a similar test in which the polymer

film was exposed to .85 atms of oxygen. In oxygen the period of water

removal is noted, and a decrease in heat flux signifying reaction at

a surface temperature of about 250 0C is noted. Once reaction starts,

a smoothly decreasing heat flux is not observed. The irregularities

in the heat-flux-time relationship shown in Figure 7 are typical of

oxygen tests and are always observed. Some oxygen-polymer reaction

occurs. Ignition occurs soon after what appears to be regression starts

(at a surface temperature of 340 0C),

Although further developmeit of the fast pyrolysis method is required,

some conclusions can be drawn from this work.

I. Although some polymer reactions occur at temperatures less than

350 0C, the net reduction in effective surface heat flux would be only

about 0.1 cal/(sec)(sq cm) and could be neglected for high surface-heat

fluxes.

2. Significant surface regression of thi- polymer appears to start

at about 340 0C which is above the calculated linear surface temperature

at ignition for the low-flux ignition of a catalyzed AP propellant made

from this polymer and is in the range of calculated ignition temperatures

expected at high heat fluxes.

3. Endothermic pyrolysis reactions may occur below 30 'C which do

not result in weight loss of the polymers. This technique can detect such

reactions.

4. Exothermic oxygen-polymer reactions apparently occur before ignition.

Ignition in oxygen appears to start when regression of the polymer begins.

5. The results of the fast pyrolysis reactions appear to be reasonable

extrapolations of the results from the conventional tests. Pyrolysis

activation energies and oxygen ignition temperatures determined by the

two methods are comparable.
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The fast pyrolysis work is continuing, and tests are being made in

an imaging furnace. A GE DFD 1000-watt projection lamp is used as an

energy source, and replaces a carbon arc in the furnace for this

purpose. Energy flux levels to 20 cal/(sec)(sq cm) can be obtained

with this system. At the sample position a uniformly radiated (0 0,5%)

one-centimeter square area is obtained. Because the position of the

lamp filament is fixed, the reproducibility of heat-flux distribution

tests is excellent. Since the sample can be contained in a sealed

chamber, pyrolysis products can be collected and analyzed. In order

to avoid problems associated with correction of the heat-flux gage data,

polymer films are being mounted on coioper discs of known weight, and

the disc temperature is measured by use of a thermocouple Once the

technique for this study is perfected, several typical polymers will

be considered.



APPENDIX A.

MATHEMATICAL DETAILS FOR THE IGNITION THEORY SOLUTION

In the following discussion the dimensionless form of the equations are

in an approximate FORTRAN notation. Single variables are represented by one or

a combination of several upper case letters (i.e., B or REX), and multiplication

is indicated only by means of an asterisk. In this notation exp (b) denotes eB

Equation (I) was put into dimensionless form by means of the substitutions shown

in the following table.

TABLE IA.

Dimensionless Variables in FORTRAN Notation
Definition in real notation

Dimensionless Quantity Symbol from Equation (1)

I. temperature U R V
EbRb

2. distance X RBx
Ebk

3. time T (kc)

4. neat flux F Fs
B

5. velocity REX -/E)G(c) u

6. pressure PRESS P/I atms

7. activation energy rati. D Ea/Eb

8. activation energy ratio E Ec/Eb

9. activation energy rxtio R Er/Eb

10. coefficient for e-xponential DD A/B

11. coefficient for exponential EE C

12. coeff'cient for exponential RR A(pc) Vr

13. coefficient for exponential CB (I c a

14. coefficient for gas phase GA Fg(t)/B
feedback flux

15. pressure exponential GN n

16. initial temperature Y o
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In dimensionless form and in this notation, Equation (1) becomes-

- REX - + DD EXP Uj (IA)

For T = 0, U = Y

ForT>OandX co, U = Y.

For T > 0 and X = 0

- F+ GA PRESSGN + FACTR* EXP LI
where FACTR = PRESS * EE * EXP(-E/U)

I + PRESS * EE * EXP (-E/U)

The dimensionless velocity is

REX = RR * EXP(-R/U) + FACTR * CB * EXP(-I/U)

whe.e U is the surface temperature.

Numerical solutions to Equation (IA) were obtained by means of a modified

Schmidt Method.

In order to check the numerical solution, it was necessary to obtain a

solution to Equation (IA) with the non-linear terms eliminated. The solution

to the equation

- - REX * - X (2A)

with initial and boundary condition of

T = 0, U = Y; T > 0 and X 00 , U = Y; and T > 0 and X = 0, _U F

with REX constant was derived. The surface temperature, Us, is

12 [EX * T REX

U RE[ +[ *EXP 4 REX RX+2'

EFRC REX 2* T] (3A)

This solution reduces to the well-known solutions for a zero velocity or for

the steady-state ease; these reductions are not trivial. Satisfactory agreement

between the numerical solutions to Equation (IA) and Equation (2A) were

obtained.



APPENDIX B.

THE IGNITION OF COMPOSITE SOLID PROPELLANTS

BY HOT GASES*

ABSTRACT

The University of Utah has been engaged in a research program directed

toward understanding propellant ignition. One part cf this program has been

concerned with the behavior of solid propellants during ignition by convec'.ive

heating. There is an obvious interest in this type of study since solid

propellants are often ignited by sources which transfer most of their energy tD

the propellant surface by convection from hot combustion products.

In the experimental work described in this paper, propellant was ignited

by shock-heated gases passing over the surface of a sample mounted in the wall

of a test section at the end of a shock tube. Convective heat fluxes of 20 to

150 cal/(cm)V(sec) were obtained at the propellant surface.

Various propellant compositions were studied to determine the effect of

propellant ingredients on ignition behavior. It vas found that propellants

containing catalysts such as iron oxide and copper chromite, normally added to

propellants to increase their burning rates, are more easily ignited than non-

catalyzed propellants. Another interesting observation was that some propel-

lants become more difficult to ignite as the velocity of the hot gases crossing

their surfaces is increased.

INTRODUCTION

The ignition of composite solid propellants by convective fluxes is t

cinsiderable interest since igniter systems for many solid rockets depend on

hot gases for ignition. Not all of the information from ignition experim,,nt

is directly usable for predicting the ignition requirements for rockets. since

other coisiderations, such as flame spread, are important in large rockec ivni-

tion. Laboratory ignition experiments, however, do provide information on

the response of a propellant surface to convective heating and on the eit(t

* Reference, figure and table numbers refer to items in this appendix.
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of additives that might be obscured in a large-scale rocket test. Furthermore,

the behavior of composite sclid p-opellants during ignition under convective

heating has provided considerable insight into the mechanism of solij propellant

ignition

Studies on ignition of composite propellants under conveccive fluxes have

b=cn reported by Baer, et al , Lancaster, et al '2', Grant, et al. '3,

Hermance, et al. [4T, and Bastress :57 In none of this earlier work however,

was there reported an attempt to investigate the role of propellant ingredients

in composite propellant ignition, In this work compositional changes we'e made

in an ammonium-perchlorate propellant system to determine their effect on

energy requirements and other ignition characteristics.

ADAPTATION OF THE SHOCK TUBE FOR IGNITION STtDIES

The shock tube used to generate hot gases in this work -,as 1-7/8-inch

inside diameter with a 52--foot driver and 15-foot driven section This was

the same tube used by Paer, et al. '1j for prior tests. For the experiments

described in this paper, the drijen end of the shock tube was modified to

provide a means of passing shock-heated gases over the surface of a propellant

sample Figure I shows a cut-away sketch of the ariven-end of the shock t,'De and

the test section used for ignition studies rigure 2 is an exploded view of

the test section illLscrating how the propellant sample holder, quartz window,

and flow control orifice are fitted to the test section. The test section

as shown in Figure 2 has a rectangular flow channel, 0 25 inches by 0.5 inches,

with a bell-mouthed entrance The velocity of the hot gases passing thropgh

the test section is varied by the use of differenc critical flow orifices down-

stream of the propellant position

Before the ignition tests were performed, heat flux at the sample position

was measured with a heat flux gAuge (a thin-film platinum resistance thermometer

on a glass or ceramic substrate). Ihe results of the heat transfer study were

correlated in terms of shock parameters and gas properties so that the heat

t:ans7er to the propellant surtace could be calculated Baer, Ryan, and Salt 'l

found, and it was verified by this work, that the transient heating process at the

,,mpe posicion could be represented by an .nstantaneous temperature rise resulting

..or' tlic reflected shock, fol'owed by a one-dimensional heating of a semi-infinite

,,),id through constant heat transfer coefficient
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where. t is tim measred iron, arrival of cne shc-'k
T is the surfare temperature of the hat fl ix gauge at Eume (t)

f. is the instancaneos te'mperarui- rise behind reflected shock,
J

7 is the temperature of the shock-processed gases,

h is the heat transter coefficienr,

P is the thermal r._.pc-.-f , of the 'DaerZal undergoing transient

hearing (rft square root of the product of the density, thermal

conductivitv and heat capaciuv of the material'

For the test section shown in Fig ,r i it was found that mn. hear transfer

coefficient coald be correlated in terms of gas tLmperatire, T,( K), and the
0
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h 435 x 0 , 6cai/(cm(sec C'2b)

Us, of this coefficient pernitted calculation of the mean flix to the surface

of the propellant sample p to the onset of ignition.

7he shock tube is a ,sef ii tool fcr ignition research by convective

heating since it provides a !n-a'is flu pro(ccing hot gases in a few micro-

,--nds but there are some. limitatiors to its s, Oe of these is the

lcr '2 ', of time processed gasvs art availabie tor experimental work

Ideally this period 1_- controlied t v tht, length of the driven section

of the sr.oc:, tube It was fo.,nc, however, that becasc of the la:ge amo-,nt

4 £as ,.hc1, fiowed thiouqh the test stcriun when large control orflces ,,eCre

.old drlvt-l gases mIXeJ with pi jct-sqvd .ascs at the intertace, and t'
tes;t tinm, wc,. great I r , cd Am a co'-. q enc- the ,sabi te-t p _r,.

.as 25 ::,2llscconcls at 40 ca/c , c, aid 9 milliseconas at 100 ca1,I .
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EXPERImENrAL RESULTS ON IGNITION

Several different aouoinium perchlorate propellants were tested The

control propellant for this study is Utah F propellant. rhis propellant has

a binder of polybutadiene-acrylic acid polymer cured with Epon 828 Th=

complete conpositions of this ard other propellants tested are given in Table

I. Some of the variables investigated were (1) particle size of ammonium

perchlorate, (2) per cent of ammonium perchlorate in the propellant, and

(3) the effect of additives used for modifying burning rates. All of the data

reported here were obtained by use of nitrogen as the environmental gas to

prevent chemical interaction between propellant decomposition products and

heating medium.

Ignition of propellant was observed through a quartz window opposite the

propellant position in the test section with an 1P40 photoelectric cell Both

the direct light signal and a differentiated light signal from the photocell

were displayed on an oscilloscope screen and recorded with a camera. Ignition

of the propellant was taken as the time at which the differentiated photocell

signal was rising almost vertically. High-speed motion pictures indicated

that at this time steady deflagration was established on the propellant surface,

and the flame was spreading rapidly over the surface.

In Figures 3, 4, 5, and 6 are presented ignition results on propellants

studied. The data from ignition experiments are plotted in the form of mean

su.'ace heat flux, F, cal/(sec)(cm)2 versus square root of the ignition time,

t. 1/, where t. is in milliseconds. Th.- method of presenting the data is

suggested by the thermal ignition theories [6, 71. The mean surface flux is

defined as the constant flux which would bring the surface of the propellant
to the ignition temperature in time t. . Thermophysical properties of the

propellants used for this calculation are given in Table II. Thermal dif-

;sivity, heat capacity and density were determined experimentally for propel-

lants F and G, and the thermal responsivity, P, was calculated. The thermal

responsivities were estimated for propellants J, S, and U. lt was assumed for

the purpose of heat flux calculations th t the thermal responsivity of the

propeliants remained constant at their 60'C values. Each data point in the

Ligures represents one ignition run. It is estimated that the calculated flux

at ignition is within five per cent of the true value.

The ignition data for propellant F shown by Figure 3 is representative

of much of the ignition ata obtained in this study. The composition of this

propellant as given in Table I includes 2.0 per clnt copper chromite catalyst
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and 80.0 per cent of a bimodal blend of ammonium perchlorate (AP). The

coarser AP has an average particle size of 200 microns, but some of the parti-

cles are as large as 400 microns. When the surface of the cured propellant is

cut with a sharp razor blade, it is possible to cut throvgh most of th2 AP

particles, but some of the AP particles are fractured and a few are pulleJ

from the propellant matrix. It is estimated that the surface roug,,ness of the

propellant is of the order of 20 to 30 microns when tested. The plot of neat

fiux versus the square root of ignition time on the logarithmic graph shows

a set of data for each gas velocity in the test section. The gas velocity is

expressed in terms of Mach Number. The gas velocity corresponding to a Mach

Number of 0.13 is about 100 meters/second Note that the pressure in the test

section when varied from 18-25 atmospheres does not appear to have a notice-

able effect on the ignition time. Although not specifically indicated on the

graph, the slopes for the two sets of data are the same, approximately -1 0

Because of the uncertainty in the heat flux results it is impossible to deter-

mine the exact slope of a set of data within perhaps 5 per cent. The fact

that these ignition data have a slope of -1.0 means that the propellant ignites

at approximately the same surface temperature regardless of the flax level

This temperature is different for each gas Mach Number.

Ignition data for propellant S and U are given by Figure 4 and 5,

respectively. These propellants are similar to F propellant in that they each

contain 2.0 per cent copper chromite catalyst. However, both propellants

have only 75.0 per cent of a single size AP. Propellant S has 85-micron AP

and propellant U has 15-micron AP. Because of the finer particl, size, the

surfaces could be cut much smoother than on propellant F. It is estimated

that the surface roughness was about 10-15 microns on S propellant and about

microns on U propellant. Propellant S, although having a finer particle

.,ze and lower level of AP, shows essentially the same ignition character-

istics as F propellant. Propellant U with extremely fine AP does not ignite

as easily as F propellant at low gas velocities (Mach 0.13), but ignites in

about the same time as F propellant at intermediate gas velocities (Mach 0 28)

Ignition data are also given for U propellant at extremely high gas velocities

(approximately Mach 1). By comparing results from these three propellant

compositions, propellant F, S, and U, it appears that the only significant

difference in ignition characteristics occurs as the result of the extremely

small particle size AP encountered with propellant U.



Except for the catalyst (iron oxide in J propellant), the F and J pro-

pellants have the same composition. Ignition characteristics for propellant

F and J are almost identical, (compare data of Figure 3 with those of Figure 6

B). The only difference in ignition behavior is that at lower gas velocities,

propellant J ignited more easily For a gas Mach Nurter at the propellant

surface of 0.07, the data for F propellant (not shown) are coincident with

the data obtainad at Mach 0.13 for F and J propellant.

In addition to the propellants described above, an attempt was made

to ignite propellant G which did not contan a burning rate additive.

Otherwise, it is similar to propellant F. Propellant G was tested under the

same conditions as the other propellants, but in none of these tests was there

an indication of ignition as obseived by .he photocell. Examination of re-

covered samples from some of the runs under extremely high convecrive fluxes,

100 cal/(sec)(cm)2 , showed charring of the polymer at the surface of the

sample. For one test on propellant G under both high flux and high gas velocity,

some of the polymer had charred and carbon was deposited on the edge of the

sample holder. Obviously, some AP had decomposed, but it was difficult to

estimate the extent of this decomposition. It is believed that if the appara-

tus were not limited with respect to test time propellant G would have

ignited at least at the low gas velocities.

ANALYSIS OF RESUL[S AND CONCICSIONS

ignition data obtained by three different experimental methods are shown

by Figure 7Bin terms of heat flux versus the square root of igrntion time.

These data are for similar propellants. As these results show, data from

the three types of experiments, although not coincident, are well represented

by straight lines all of which have appioximately the same slope Price, et

al. [8] found that under high fluxes, greater than 50 cal/(cm)e(sec), with

the carbon-arc image furnace that the data could no longer be -epresented by

a straight line. The line which describes the data for the carbon-arc

ia;v furnace and also the iines for the shock tube data have slopes near

n_111s or.e. This slope agrees with the value found by Evans, et al 9, for

ignItion of pellet of AP, car.>on black, and copper chromite. The thermal

ignition theories which ate o only presently available models for non-

hypergolic ignition predict slopes from 0 80-0.95, but do not explain values

to exactly minus one The slope of the line which describes the radi-

ation iurnace data. however, was determined to be -0.91.
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The fact that the data frcer, these experiments can be represented graphically

as suggested by thermal ignition theories gives support to the theorN that igni-

tion of some composite propellants does indeed begin with a surface or balk

reaction. Because the pressure effect on ignition time is small in the presence

of a non-reactive environmental gas it appears that the contribution of gas-phase

reactions in the rate-controllirg phase of the ignition process is small, at least,

for propellants catalyzed with copper chromite or iron oxide Tne nature of the

surface reactions which lead to steady deflagration cannot be described within

the present state-of-knowledge on ignition

This work has shown that composite propellants are apparently ignited more

easily by convective fluxes than by radiant fluxes, but the ignition time at a

given flux level is influenced by the gas velocity over the propellant surface.

Data for propellants containing different particle size AP showed that only very

fine AP, such as that used in propellant U, significantly modified ignition

characteristics. For coarser AP and different levels of AP, propellants F and S,

* appreciable change in ignition time was observed, These results tend to indi-

--te that surface roughness is important in the ignition of propellants under

convective fluxes. Inere appears to be no easy way to explain the shift in igrni-

tion time with gas velocity An explanation of this effect must await further

research. The presence of a burning rate catalyst in the propellant is extremely

important for convective ignition, and more information ib needed on the role of

additives in the ignicion process.
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Table IB

Propellant Compositions

Ingredients, Weight Per Cent

Propellant PBAA Catalyst( 2) Ammonium Ammonium Perchlorate
Code Binder( !) Perchiorate Particle Size(3)

F 18.0 2.0 Copper 40.0 15 micron
Chromite 40.0 200 micron

G 18.0 None 41.0 15 micron
41,0 200 micron

J 18.0 2.0 Iron Oxide 40.0 15 micron
40.0 200 micron

S 23.0 2.0 Copper 75.0 85 micron
Chromite

U 23.0 2.0 Copper 75.0 15 micron
Chromite

(1) Bi.nder for these propellants was composed of 85.0 per cent liquid
polybutadiene-acrylic acid copolymer cured with 15.0 per cent
Epon 828. Propellant was cured seven (7) days at 80'C.

(2) The copper chromite was copper chromite catalyst Cu-0202P from the
Harshaw Chemical Co., and the iron oxide was a pure red iron oxide,
Code R-1599, from C. K. Williams and Company.

(3) Ammonium perchlorate of the designated particle size means that
50 weight per cent of the particles have a diamneter less than the
value indicated.
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Table liB

Thermophysical Properties of Propellants
(1 )

Thermal Heat Density Thermal

Propellant Diffusivity Capacity at 250C Responsivity

Code cM 2/sec cal/(g)(*C) A/cc cal/(sec)1ia(cm]2(oC)

F 0.00170 0.316 1.63 0.0212

G 0.00171 0.311 1.60 0.0206

J - - 1.63 0.0206(2)

S - 1.58 0.0203(2)

U - 1.58 0.0203(2)

(1) These properties are for a temperature of approximately 60*C.

(2) Thermal responsivity was estimated for this propellant from

experimental data on a similar propellant.
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APPEND IX C.

RECENt RESULTS CONCERNING THE HOT-WIRE IGNITION

OF COMPOSITE PROPELLANTS

ABSTRACT

ignition times for composite propellant samples containing imbedded,

electrically floated wires have been meast d in the range from .01 to 10

seconds It wds dLminstrited that the precise ignition time can be deter-

mined by caretull observing the voltage across the constant-current heated

wire. Linear surfdce ttmperatures dt ignition for the propellant were cal-

culdted from a known solution of the heat conduction equation which accounts

for temperature gradients in the heated wire. These calculdted temperatures

dre compared to the results from thermal radiation and forced convection ig-

nition tests ott=ined from the sdme propellant.

INTRODUCTION

On of the most obvious methods proposed for the laboratory study of the

ignition of solid propellants is to imbed electrically heated wires in small

zrdins )nd to dete:rrnine the relationship between the rdte of thermal-energy

generation in the wire and the ignition time The appar-itus and instruments

required for such a stud, are the essence of simplicity; and, by suitable

techaiques. the energy-generation rates and the ignition times can be pre-

ciselv determined If the didmeter of the wire is significantly larger than

the diameter oi tht: p- tlcle.- in the propellant, the propellant surface near

the wire would be sitilar to that of the surface formed during motor casting.

Such a surface i, normrall exposed to the motor igniter action. The major

obpection, to hot-wire ignition are that the gaseous pressure at the wire-

propellant intt'-ritf ,intiot be preciselv defined and that the effect of re-

active gases on ignition ,iannot he studied. When pte.sure does not have a

signiti dt effet on the ignition process and if hypergolic ignition is not

being considertd, th -. e obje(tioris are not important. Presumably the experi-

ment i. in t).e deslgi.d to determine if gasification near the wire surface re-

s,.ts in J sIgniti(ant difterenck, hetween the wire and propellant surface

temper dtures

Tht, work ,. Altaiin ind turant Il1 developed almost the only published

dat- which were ot rined by emplo~ing this technique. They found that tl,eir

' 1 0 1! ti , ,b. r- r , r .' q withir s
I 0' -



ignition data could be explained by assuming a propellant ignition temper-cure

of about 390*C. Because their method for determining ignition requirva tht

flame to travel through the propellant some alitanCe in ome unknown tElrp In-

terval, they were able to consider onll ignition timvs e tnn aloot Onz

second.

The objective of the work reported here was to tvxluate the technique f

ignition on hot-wires for time intervals .vhorter thani one second Pulses of

energy were applied to wires for periods controliled tb in eletrical pul

generator. Ignition was originally defined in tt-ns of i go-or-no-go cri-

terion. Early in the work it wa4 discovered thet the i nition time could be

precisely determined bh obs-ervation of irregularities in the voltf¢g. binal

from the heated wire, and use was made of this information in iubsiqu-nt tests

APPARATUS

Figure 1 shows a cross section picture (with one-half of the propellant

cut away) of a propellant sample containing the imbedded heating wire Nichrome

V wire of 0.103 cm diameter (18-gage) was crimped betw~en two short lengths of

1/8-inch o.d. copper tubing. The copper tubing served to produce good el-1ctri-

cal contact to the resitance wire and to binding posts. The length of the Nt-

chrome wire between the copper contacts was 1/2-inch. rhe resistance wire -rid

ends of the copper tubing were cast into the propellant samplc in the manner

shown in Figure 1 The initial propellant temperature was room tenperature.

27 +2*C. The propellant sample ,ize was always large Pnougr to insure that

it could be treated as an infinite body in the time -cale of interest The

propellant was Utah "F" propellant, and Table I gives the thermal properties

of this propellant Table I also gives the thermal and electrical properties

of the Nichrome V wire.

A schematic diagram of the electrical system is shown in Figure 2. Elec-

trical current was supplied from a 12-"clt automotive battery The period for

current flow through the imbedded wire was controlled by activating and dea.Li-

vating a relay by mean- of the polse generator. The mignitude of the electticil

current was controlled by inserting fixed lengths of dir-cooled Nichrome V wire

in series with the battery and the heating wire Ccntrolled curr-it -pulies of

20 to 300 ampere magnitude for durations from 01 to 10 seconds were eaIlv

obtained.

The current through the heating wire was determined hy measuring the

voltage across a known resistance in series with thE wire This voltage and
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I ONE INCH I

A section view of the cast propellant

sample with imbedded wire and copper contacts

show7i in place One half of the propellant has

been cut dwav to show the details of the wire

placemnqt
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the voltage acrois the heated wire and contacts ware displayed on separate

traces of a dual beam o'cilloscope. The oscilloscope trace was photographed

to yield a permanent record The oicilloicope sweep was triggered where

voltage was first supplied to the relay or about 20 msec tefore the relay

closed.

THEORY

Although data from hot-wire ignition tests may be useful when evaluating

propellants and In develcping ignition theories, the primary objective of

this work w46 to evaluate the method for study This evaluation Is probably

best made by comparison to other test methods, and the best qua ntitiitive evalua-

tion is to compare the values of the linearly calculated surface-temperature

at ignition for hot-wire ignition to values obtained from other methods of

testing on the same propellant and under comparable conditions

The lineor-surface-temperature at ignition is calculated by considering

the propellant to bt: chewtcsllv psasive and to have constant thermal properties.

In this c¢ase only the linear, partial differential equation describing heat

flow in the solid need be solvwd. Tn the case of a long wire of infinite

thermal condiitivitv imbedded in an infinite bodv and with perfect thermal

contact, Carslaw dnd .aeger t2] show that

2 R2 0 COr "  (I - exp [-k,2 t u 2 /RL1) du
T TO - ; ,(u)

where T is the Interface te~mperature between wire and propellant, T the
S 0

• inItial,.unlfOrmn propellant t~foperature, R the radius-of--the wire, Qv the

energy generation rate per unit volume in the wire, K and k the thermal
22

conductivity and thermal dtffuslvity respectively of the propellant, and

t is time. The parameter a - 2(o C )/(p C where 0 and C are, respectively,

density and heat capacity and subscripts 1 and 2 refer to the wire and pro-

pellant, respectivelv, The function

,u lu Jo (u) - aj (u)] + u Y (u) - aY1 (u)] 2  4

where J and Y are the converitional designation for Bessel functions. When

evaluated at the ignition time, T5 is the linear surface-temperature at

ignition. Table II shows a short tabulation of the integral from Equation (1)

obtained by numerical tntegr't ion for parameters corresponding to the thermal

properties shown in Table I.
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Although the thermal cond--ctlvitv of Nichrome V l Much greater than the

conductivitv of the F propil t, the assumption of a negligible temperature

gradient in the wire nav not be valid at very high heating rates The analo-

gous result to Equation (1) in which the wire conductivit is .onsidered to

be finite is also given by Cirsl-w and Jaeger In this Lase

4 Q v R-1 (I exp [k. t 52/W ] Jo( 3,,J (.

Ts - T k X 
-

where

(1) = (Kk) J ( ) (kb) - () Y,(k3) and
0 0

= (K/k) J (6) Jo(ks) J0 () J, (k)

The notation is the same as for Equation (1), and K and k are respectively the

thermal conductivity ratio K /K_ And thermal diffusivity ratio "k /1. Again

the subscripts I arid 2 refer to the wire and propellant, respectively Taole

III is a short tabulation of the integral from Equation (2)

Table IV show- a comparison of calculated vaiieq of the irterfate (propel-

lant surfa.e) temperatures from Eqiations (1) dnd (2) for internal energy genera-

tion rates which would produce an interface temperature rise of £OOC in the

indicated times The properties of the wire and propellant were those of the

present system It 3ppear, that. exLept f.r very short trme intervals, the

temperature gradient in the wire mav be neglected.

The rate it which en(-rg- is trdnoferred from the wire to the propellant

is simply the difference betwee.n the rate of energ! generation and accumulation

in the wire The heat flux at the interface is this rate of tr4nster divided

by the wire surface area. If the wire temperature is assumed to be uniform,

the rate of energy' accumulation in the wire may be obtained by ditferentiating

Equation (1) with respect to time The heat flux, F. can then bE obtdined as

RQ) r / expj-k? t up/R'-)du i

F 2 1 u A (u)

Figure 3 ib a plot of Equation (3) in which the thermal properties of Nichrome

V and "F" propellant are assumed For a given value of Qv' the flux is low for

time intervals lest than about one-half second and is relatively constant for

longer time intervals



C 7

.9-

.7-

> .

LL .5
caJ

• '2

0,

.01 0.1 1.0 10.
Tie1JE, SEC

FIGURE 3 C.

Calculated dimensionless heat flux at the 18-gage Nichrome V wire 'IF"
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EXPRIMENTML RESUILr

EAT l- in the ;Tptrimental program it was observed that coincident with

propellant Ignition i sudden decrease in the voltage drop across the heated

wire occurrea It was concluded that this decrease in voltage was coincident

with ignition (in the time scale of interest) since decreasing the heating

interval of the wlre produced a condition in which neither ignition nor this

%,oltage decro.ase occurred. This decrease in voltage can be seen in Figure 4.

The decr-. se o.curi.ec 4usL before the relay opened and cut off the current. A

pulse width slightlv less than shown would not produce ignition.. The decrease

in voltage *crois the heeted .aire is possibly the result of ionization in the

confined flame. Once it was confirmed that ignition could be detected by ob-

qervation oE the voltage trace, the ignition time was taken to be the period

from the first current flow until the voltage decrease across the wire. A

voltage incre-ise before ignition would be Interpreted as evidenc'e of gasifica-

tion which would insulate the wire surface and cause a rapid in rease in tem-

perture, resiatance of the wire, end voltage'drop. Such an increase was

never observed

rubit_ V summi.rizei the test conditions and ignition results. Figure 5

shows the ignition L1?t&. ds a plot of the average volumetric energy generation

ratr, QV. ver su. igrition time. Except for an unexplaited deviation cf the

dita at thr mxirum heattng r-te, all results lie on a smooth curve. Also

shown on Figure 5 Is d line rtapresenting the Qv.tj relatlonship for a constant

vslue (427 U) of the ignition temperature. Although the conclus4on that igni-

tion occurs at . constAnt ignition temperature appears attractive and could be

supported by a casual Inspection of -Figure 5, the logarithmic plot is somewhat

misleading The "beet fit line" definitely crosses the line calculated on the

basis of a constar)t Ignition temperature. It appears that the ignition tempera-

ture increases 4t shorterignition times.

The energy generation rate was calculated as

v A (4C)

where 1" is the 4verAge electrical current, RL the wire resistance per unit

length, and A the wire cross. sectional area. The current decreased slightly

during test (sEe Figure 4).and an average value was used in Equation (4).

sinre the temperiture coefficient of resistance of the Nichrome wire is quite

]ow, room tzmptrature resistaice values were satisfactory for calculation

purposes•
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Fig-ier_.

The oscilloscope trace from a hot-wire
ignition test. The upper trace is the Current in
the circuit (5,5 ampere/division), and the lower
trace the voltage across the heated wire and con-
tacts (0-2 vcolt/dIvision). The time scale is in-
creasing from left to right at 0.2 sec/division.
Note the irregularity in the voltage trace which oc-
curred just before the relay opens and the current
goes to zero. This irregularity in the voltage
signal is coincident with the propellant ignition.
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The relitio:,hip betwirt, the Iinear-surface-ignition remperature and the

ignition time iz shown in Figure b for the hot-wire ignition tests Also shown

.re similjr v-IuCs obtained from ignition tests on the F propellant by thermil

radiatio- in -i high te'ttp-er-jturv furnace [31 and by high convective flux heating

in a shock tub-? 141 the hot-wire ignition temperatures lie above the values

obtained fromn rhv ridiition turnace and from the shock tube. The difference

between the hot-wire and r-idi tion furnace results might be rationalized by

postulating that I okrlt:r titm over the heated wire tends to delay the igni-

tior Th. diff-r-nie b. tw:-o the shock tube and hot-wire data is too great

to be explained in thi ri-,ner A'though the difference could be the result

of a pressure effect, it ippears more likely that the difference results from

an effect of surface rougtnec¢ when heating by convective means 14,. It would

be difficult to d.rermitu- whih ignition values are more nearly correct. It

is interesting o QotL.- that the hot-wire ignition data cover a range which

overla.ps the data from th,- lod-flux radiation furnace and the high-flux shock

tube

CONCLTS IONS

Thi-: .zv1Iatiori -t1AdV !No.' th-it reasonable hot-wire ignition data c-u

be obtzined by tiiing xtrv -,irple ipp-rAtus; the data were quite reproducible

znd cr. te interpr-..d in -, r.I-tiv-Iv simple manner. Encergv generation rates

)r- rrnmiured direct], durifng s run, ind propellant surface fluxes can be ac-

curztely calculitcd leniuio _-.n be detected by observation of the voltage

signal acrovs th: <1-crri,1Lv hf-ted wire. This is one of the few ignition

detection sVstetl- whih does nor( epend upon light emission from a flame.

Ignition tim-s, were a~ur-d from 01 to 10 seconds, a three order of magni-

tude r-ange, and th.r- 3pp-a to be to reason why the range cannot be extended

to rimes les- thin I me( A(.urate measurement of ignition tvm-s over a two

order of magnituo- r&i,,, i- t-vonu the capability of most present laboratory

ipparatui ..,-,:d for tkie .Itl of ignition

No evidenc. , found to indicate that significant gasitication occurred

near the wir. h~fore, iknition o(,rred. The hot-wire ignition dati indicated

that thp li'-'_r-surf t.-n,pritulre at ignition increased as the ignition time

decreased I'hit' r.iult i; in a.reerent with the thermal igrition theories.
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The calculated surface-temperature at ignition
for the "F" propellant as determtned by use of
low flux thermal radiation [3], high convective

. fLuxes (shock tube) [4], and conductive transfer
from hot-wires. The lines represent the average

" of smoothed data fr'om each apparatus.
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Table IC.

Summary of Thermal and Electrical Properties

of "F" Propellant And Nichrome V Wire at 60*C.

Property Propellant Wire (18 gage)

Thermal Conductivity, cal/(sec)(cm)(oC) 8.8 x 10-4  02b

Heat Capacity, cal/(gr)(°C) .316 I08,*

Density, gr/cc 1.63 8 22

Resistance, ohm/cm length -- 1.31 X 10-2

Temperature Coefficient of Resistance, C-1  -- 1 3 x 10-4***

This value is from:

Silverman, L.. "Thermal Conductivity Data", Jour. Metals, 5, 631-2 (1953).

* This value is from:
Douglas, T, B., and I. L. Dever, "Enthalpy and Specific Heat for Four

Corrosion Resistant Alloys at High Temperatures", Jour. of Research
National Bureau of Standards, 54(), 15-19 (1955).

* This is a value supplied b, the manufacturer (Driver-Harris Co., Harrison, N.J.).
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Table II C.

fs4eMu2 )du
A Tabulation of the f "1d(u)

for a = 1.165 where

Lu= [u J (u) - , J (u)]2 + [u Y (u) - cl y(u)] 2
0 10%

M Value of the I-tegral

0.005 0.9953 x 10-2

.010 .1940 x 10-1

.025 4611 x 10- 1

.050 .8714 x i0 "1

.10 .1609

.25 .3448

.50 .5833

1.00 .9330

2.50 .1570 x 101

5.00 .2152 x 10'

10.00 .2779 x 101

25.00 .3628 x 10'

50.00 .4270 x 10'

100.00 .4908 x 101



Table III C.

(-e -MP) Jo(P) Ji(B., d

A Tabulation of the p4
0

for K = 29.7 and k = 4.15 where

Off)= (K/k) Jl(f) Yo(kP) - J0(0) Y1 (kP)

V(P) = (K/k) Ji(p) Jo(k ) - Jo() Jl(kp)

M Value of the Integral

.10 0,1238

.25 3032

.50 .5900

1.00 .1125 x 10

2.50 -2531 x 10

5.00 .4471 x 10

10.00 .7518 x 10

25.00 .1361 x 102

50.00 1971 x 10'

100.00 .2668 x 102
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Table IVC.

A Comparison of the 18-Gage Nichrome V Wire - "F" Propellant Interface

Temperature Rise as Calculated by Means of Equation (1) and Equation (2)

Time Generation Rate, Qv Interface Temperature, AT (-'C)

sec cal/(sec)(cm3) E u~ation (1) Equation (2

.01 3.75 x 104 400 273

.05 8 44 x 103  400 389

.10 4.39 x 103  400 396

.50 1.14 x 103 400 398

1.00 6.96 x 102 400 400

5.00 2.72 x 102 400 400

10.00 2.04 x 102 400 400
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Table VC.

Summary of Hot-Wire Ignition Dat,

Run Electrical Input Energy Ignition
Number Current Rate Time

-(amperes) (cal/sec-cm3 ) (sec)

1. 242 2.2 x 104 01

2. 267 2.68 x 104 Oil

3. 289 3.14 x I0 012
4. 182.5 1.25 x 104 048

5. 177.5 1 18 x 104 042
6. 188.3 133 x 104 048
7. 180 1,22 x 104 048

8. 87.5 2,88 x 103 .205
9. 88.8 2.96 x 103 210
10. 72.6 1,98 x 103 R-
11. 72.6 1.98 x 103  32
12. 54 1.09 x 103 45
13. 60.3 1.37 x 103 46
14. 45.6 783 .78
15. 44.6 749 79
16. 31.7 378 1 38
17. 3! 2 367 1 34
18. 31.7 377 2 00
19. 31 7 377 2 13
20. 30.1 341 2.35
21. 32 8 405 2 25
22. 32.8 405 2 t0
23. 27 5 284 4.95
24. 26.7 267 4 90
25. 27.2 278 4 60
26. 24.4 224 7.60
27. 23.3 204 8 40
28. 21.1 168 8.00
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NOMENCLATURE - Appendix C

A cross section area of heated wire, cm2

C1  heat capacity of the wire, cal/(gr)(°C)

C heat capacity of the propellant, cal/(gr)(oC)

F heat flux at wire-propellant interface, cal/(sec)(cm)2

I electrical current, amperes or appropriate units

J Bessel function of first kind of order n, dimensionless

K thermal conductivity ratio K /K , dimensionless

K!  thermal conductivity of the wire, cal/(sec)(cm)(oC)

K2  thermal conductivity of the propellant, cal/(sec)(cm)(*C)

k thermal diffusivity ratio VIk/k, dimensionless

k 1 thermal diffusivity of wire, cm2 /sec

k2  thermal diffusivity of propellant, cm2 /sec

Q v energy generation rate per unit volume in the wire, cal/(sec)(cm)3

R radius of the wire, cm

RL wire resistance per unit length, ohm/cm

T wire-propellant interface temperature, 0Cs

T 0 initial, uniform wire and propellant temperature, *C

t time, sec

t. the ignition time, sec

u a dummy variable, dimensionless

Y Bessel function of the second kind of order n, dimensionless

a the ratio 2(pC.,)/(p C ), dimensionless

a dummy variable, dimensionless

defined after Equation (2)

V defined after Equation (2)

J. I I 6 I I
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APPENDIX D

TABLES

TABLE I

The Compositl'.ns of Propellants Containing Various
Atmnronijmt Perchlorate Decomposition CatalySts

Aunor -T
Feicn-lorare& 'einder** Catalvst

Propellant $per c-?~)-- %(per cent) Catalyst (per cent,

y -15.0 23.0 Zinc oxide 2.0

Z 74.,0 23.0 Zinc oxide 2.0
Ferric oxide 1.0

AA i'023.0 Chromic Oxide 2.0
(Tech.)

AB *~C23.0 Cuprous oxide 2.0

AD 7._.0 23.0 Ferric oxide 2.0

*A 30-SC blerd. if 15-micron and 85-micron weight average particle

diameter ammoni'um perchlorate.

SThe binder is composel of 85 per cent of polybutadiene-acrylic

acid po1y'mer and 13 per cent Epon 828 as the curative.



TABLE II.

A Tabulation of the Integral Useful for Evaluation of Hot-wire

Ignition Data. *

00

For the [ (1 - exp7-14 32) Jo (0) Jl ( 13) d13

where K and k (YKPPA) are respectively the thermal conductivity and thermal

diffusivity ratios of the wire to propellant and

(3) = (K/k) J, (Y) Yo (kg) - Jo (1) YI (kg) and

= (K/k) Jl (,) Jo (k!) - Jo (1) Jl (ks),

the following values are presented:**

KAPPA= 3.0 KAPPA= 3.0
K=25.0 K=32.5

M VALLE M VALUE
1O0.CO 0.1673912E 02 1OC.CO O.I6094E2E C2
5C.CO 0.1257399E 02 5C.CO 0.1175417E 02
25.C0 0.8775506E 01 25oCC 0.7926791E 01
IC.CC 0.4861016E CI IC.CO 0.4197912E 01
5.00 0.2881587E 01 5.CC 0.241OCBE C1

2.5C 0.1622920E 01 2,5C 0.1333030E 01
1.LC 0.7170036E 00 I.C0 0.5776728E 00
0.5C 0.3745359E-CO C. 0 O0.2991874E-00
0.25 0.1921522E-00 0.25 O.1527965E-CO
0.10 0.7840240E-01 0.10 0.6219475E-01

KAPPA= 3.0 KAPPA= 3.0

K=27.5 K=35.0
M VALUE M VALUE

IOc.C 0.16'.>2355E 02 IO0.C0 0.1588249E 02
5C.CC 0.122 i333E C2 5C.CO 0.1149622E 02
25.00 0.8476525E 01 25.CC 0.7674363E Cl

I.CO 0.4619103E 01 I0.CO 0.4013770E 01

.CO 0.2709346E U1 5.00 0.2295628E 01
2.5C 0.1513356E Cl 2.50 0.1257973E 01

1.CO 0.6636716E 00 1.CC 0.5425017E CO

0.50 0.3455386E-00 0.50 0.2803724E-00
0.25 0.1769651E-00 C.25 0.1430225E-00
G.IC 0.7214041E-CI C.10 0.5817883E-01

KAPPA= 3.0
K=3C.0 * See Carslaw, H.S., and J. C. Jaeger,

M VALLE Conduction of Heat in Solids, 2nd ed., 347,
L0CICc 0.1630d4E 02 Oxford University Press, Oxford (1959).

5C.CO 0.12019 ) t 02
25.CO 0.81 v38')2, "I * The number .1673912E 02 should be read
IC.CC 0.1 )8"399E CI .1673912 x 102 etc. The values of the

5. (IC 0.25561261 01 integrals should be accurate to .1 per cent.

2. O . L4 175 11C 01
L.CC 0.61 770.91 00
C-C 0. 32 0 701 OL-CO
. 0.1639960E-00

C. 0 0.6680150E-01
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TABLE II. (continued).

KAPPA= 5.0 KAPPA= 5.0
K=25.0 K=32.5

M VALUE M VALUE
100.00 0.3572779E 02 10C.Co 0.3465954E 02
5C.CC 0.2671928E 02 5C.CO 0.2539890E 02
25.CO 0.1881800E 02 25.C0 0.1747441E 02
IC.00 0.1085956E 02 C.C 0.9659561E 01
5.00 0.6672375E 01 5.C0 0.5765689E 01
2.6C 0.3889088E 01 2.5C O.3278394E 01
1.00 0.1780529E 01 1.00 0.1465311E 01
C.5O 0.9462264E 00 C.50 0.7699950E 00
0.25 0.4899283E-00 0.25 0.3962582E-00
0.10 0.200767IE-00 C.10 0.1618615E-00

KAPPA= 5.0 KAPPA= 5.0
K=27.5 K=35.0

M VALUE M VALUE
100.00 0.3537019E 02 100.00 0.3430714E 02
5C.CO 0.2627089E 02 50.CC 0.2497595E 02
25.00 0.139147E 02 25.C0 0.1704295E 02
IC.0' 0.L043066[ 02 1C.00 0.9312410E 01
5.C0 0.6341309E 01 5.00 0.5514230E 01
2.50 0.3662152E 01 2.5C 0.3114813E 01
1.00 0.1661457E 01 1.00 0.1383585E 01
0.5C 0.8791564E 00 0.50 0.7249819E 00
0.25 0.4541337E-00 C.25 0.3725263E-00
0.10 0.1858635E-00 0.I0 0.1520508E-00

KAPPA= 5.0
K=30.0

M VALUE
100.00 0.3501433E 02

5C.CC 0.2583081E 02
25.CO 0.17v2383C 02
10.CO 0.1003152E 02
5.00 0.6040324E 01
2.5C 0.3459831E 01
1.CO 0.1557256E 01.
0.-O 0.8209641E 00
0.25 0.4232232E-00
C.1C 0.1730304E-00
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TABLE II. (continued).

KAPPA= 4.0 KAPPA= 4.0
K=25.0 K=32.5

M VALUE M VALUE
I00.00 0.2580264E 02 10C.CO 0.2493778E C2
50.CC 0.1934813E 02 50.C0 0.1826287E 02
25.0 0.1360823E 02 25.00 0.1246455E 02
10.00 0.7704340E 01 IC.0O 0.6762948E 01
5.00 0.4658784E 01 5.C0 0.3972619E Cl
2.50 0.2672959E 01 2.50 0.2226055t 01
1.CO 0.1203391E 01 I.C0 0.9804273E 00
0.50 0.6342754E 00 C.50 0.5116178E 00
0.25 0.3269544E-00 0.25 0.2623241E-00
0.10 0.1336912[-00 0.10 0.1069734E-00

KAPPA= 4.0 KAPPA= 4.0
K=27.5 K=35.0

m VALUE M VALUE
1O0.CO 0.2551320E 02 O0C.CO 0.2465252E 02
50.00 0.1891841E 02 5C.CO 0.1791768E 02
25.00 0.1320910E 02 25.C0 0.12117 5E C2
I0.C0 0.7364765E 01 10.00 0.6495560E 01

5.CO 0.4405966E 01 5.C0 0.3785718E 01
2.50 0.2505557E 01 2.50 0.2108244E 01
1.00 0.1118634E 01 I.CO 0.9233526E CO
C.50 0.5873442E 00 0.50 0.4806259E-00
0.25 0.3021404E-00 C.25 0.2461052E-00
0.10 0.1234143E-00 C.10 0.1002920E-00

KAPPA= 4.0

K=30. 0
M VALUE

100.00 0.2522479E 02
5C.CC 0.1861653L 02
25.00 0.i2828071 02
IC.CO 0.7051875L 01

5.C0 0.4118404E 01
2.50 0.2357649E 01
I.CO 0.1044996E 01
C.sO 0.5468749C 0
C.25 0.2808286E 07
C.10 0.1146071E-00

I l llZl IC I .ab -- II I f



D5.

TABLE III.

Calculat,-o 31rt , l-mperatures and Polymer-Gage Interface Temp-

eratures tor PhAc (,ted Pyrex Heat Flux Gages.* The Surface Beat

Flux wd, 2 38-- .,i/(,ec)(sq cm).

Interface
Time Surfjct T p Interface Temp. 0C He-)t Flux
sec "C Calculated Corrected** cal/(sec)(sq cm)

0 28 0 28.0 28.0 0

.069 7t 2 34.5 36.0 1 41

.126 88 41.3 42.5 1.78

.296 lOb 55.7 56.0 2 06

.580 114 3 72.4 71.2 2.17

.864 138 0 85.4 83.0 2.24

1.15 14 o 96.0 92.5 2.28

1.43 1-) 105.3 100.6 2.28

2.85 19-. t, 141.1 131.0 2.30

4.27 222 0 168.2 152.8 2.31

5.68 Z44 9 191.0 170.6 2.31

7.10 26 0 211.1 186.8 2,33

7.80 27, fl 220.1 192.3 2.33

* The pol,mrr thim w-3s assumed to be .01 cm thick and the gage semi-

infinite. The th,!rmI re ponsivities were .0139 and .0378 cal/(sec)

(sq cm) ('C) tcvt!1tivel tor polymer and gage, and thermal diffusivities
-3 -3

were 0.98 x 10 m., 3 36 x 10 cm-/sec for the polymer and gage

respective t I

** Thst .mp-r ,twre". wtzre corrected to account for variation in the

thermal prpeiti , ,t prtx 3nd should correspond to the measure gage

interfatt, tt,,p, i it,,,
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